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Abstract
The possibility of studying non-thermal electron energization in laser-driven plasma experiments
of magnetic reconnection is studied using two- and three-dimensional particle-in-cell simulations.
It is demonstrated that non-thermal electrons with energies more than an order of magnitude
larger than the initial thermal energy can be produced in plasma conditions currently accessible
in the laboratory. Electrons are accelerated by the reconnection electric field, being injected at
varied distances from the X-points, and in some cases trapped in plasmoids, before escaping the
finite-sized system. Trapped electrons can be further energized by the electric field arising from
the motion of the plasmoid. This acceleration gives rise to a non-thermal electron component that
resembles a power-law spectrum, containing up to ∼ 8% of the initial energy of the interacting
electrons and ∼ 24% of the initial magnetic energy. Estimates of the maximum electron energy
and of the plasma conditions required to observe suprathermal electron acceleration are provided,
paving the way for a new platform for the experimental study of particle acceleration induced by
reconnection.
PACS numbers: 52.72.+v, 52.35.Vd, 41.75.Jv, 52.65.Rr
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Magnetic reconnection is a fundamental plasma process whereby magnetic energy is
rapidly and efficiently converted into plasma flows, heating, and potentially non-thermal
particles [1]. It plays a critical role in the evolution of magnetized plasmas in space physics,
astrophysics and laboratory nuclear fusion devices [2–4]. Energetic particles are a common
signature of the reconnection process, and reconnection is thought to be a promising can-
didate for producing the non-thermal emissions associated with explosive phenomena such
as solar flares, pulsar wind nebulae and jets from active galactic nuclei. These systems
span a large range of plasma conditions, and many recent studies have focused on under-
standing the details of the particle acceleration in both nonrelativistic [5–9] and relativistic
[10, 11] regimes. These studies have discovered a rich variety of acceleration mechanisms,
with many mediated by the plasmoids that can form in the current sheet due to the tearing
instability [12]. The overall efficiency of reconnection in producing energetic particles and
its dependence on the plasma conditions, however, has not been settled, and thus remains
an important and active area of research.
Recently, laser-driven high-energy-density (HED) plasmas have started to be used to
study reconnection in the laboratory [13–19] (for a review of laboratory reconnection exper-
iments see [20]). By focusing terawatt class (∼kJ/ns) lasers onto solid foils, plasma bubbles
are produced that expand and generate megagauss scale toroidal magnetic fields by the
Biermann battery (∇n×∇T ) mechanism [21]. The expansion of two bubbles placed in close
proximity can then drive reconnection between the self-generated or externally imposed [19]
magnetic fields (Figure 1(a)). Many of the prominent features of reconnection have been
observed in these systems, including plasma jets, plasma heating, changes in magnetic field
topology, and plasmoid formation. Supersonic and super-Alfve´nic inflow speeds place these
experiments in a regime of strongly-driven reconnection, making them particularly relevant
for systems featuring colliding magnetized plasma flows found in space and astrophysics.
Laser-driven plasma experiments are characterized by a high Lundquist number and large
system size relative to the electron and ion inertial lengths, allowing a comparison with
astrophysical systems via scaling laws [22]. Until now, the possibility of using laser-driven
plasmas to study non-thermal particle acceleration induced by reconnection has remained
unclear.
In this Letter, we investigate the onset and the properties of particle acceleration during
reconnection in laser-driven plasmas using ab initio particle-in-cell (PIC) simulations. Using
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the fully relativistic, state-of-the-art PIC code OSIRIS [23–26] we perform two-dimensional
(2D) and, for the first time, three-dimensional (3D) simulations in realistic experimental
conditions and geometries. We demonstrate the possibility of detecting electrons with ener-
gies more than an order of magnitude larger than the thermal energy in conditions relevant
to current experiments. The electrons are accelerated primarily by the reconnection electric
field, with the randomness associated with injection at varied distances from the X-points
and escape from the finite-sized system leading to a non-thermal component with a power-
law shape. Furthermore, a fraction of the electrons can be trapped in plasmoids, slowly
gaining further energy due to the drifting motion of the plasmoid. An estimate for the
maximum electron energy and a threshold condition for suprathermal energization are given
in terms of experimentally tunable parameters, which can guide future studies of particle
acceleration induced by reconnection in laser-driven plasmas.
We simulate the interaction between two expanding, magnetized plasma bubbles, consis-
tent with previous PIC studies [27–30] (Figs. 1(b) and 1(c)). The simulations start when
the bubbles are about to interact, and thus do not model the initial generation of the plasma
or magnetic field. However, they capture the most important features of the system such as
finite size and driven inflows, allowing them to be connected to a number of experimental
geometries [31]. The bubbles are centered at R(1) = (0, R, 0) and R(2) = (0,−R, 0), with
the radial vectors from the bubble centers being r(i) = r − R(i). Here R is the radius of
each bubble when they begin to interact. The initial density profile is nb + n
(1) + n(2) where
n(i)(r(i)) = (n0 − nb) cos2
(
pir(i)
2R0
)
if r(i) < R0, 0 otherwise. Here, nb = 0.01n0 is a back-
ground plasma density, and R0 is the initial bubble radius, which we typically take to be
0.9−1.0R. The velocity profile is V(1)+V(2) where V(i)(r(i)) = V0 sin
(
pir(i)
R0
)
r(i) if r(i) < R0,
0 otherwise. The initial magnetic field is divergence free and corresponds to the sum of two
oppositely aligned ribbons, B(1) + B(2) where B(i)(r(i)) = B0f(θ
(i)) sin
(
pi(R0−r(i))
2LB
)
φˆ(i) if
R0− 2LB ≤ r(i) ≤ R0, 0 otherwise. LB = R0/4 is the initial half-width of the magnetic field
ribbon. θ(i) and φ(i) are the polar and azimuthal angles, respectively, of spherical coordinate
systems originating at the bubble centers. For the 2D simulations, which model the plane
θ(i) = pi/2, f(θ(i)) = 1. For the 3D simulations, f(θ(i)) is zero near the z-axis, rises from 0
to 1 from θ(i) = pi/16 to θ(i) = 2pi/16, and similarly from θ(i) = 15pi/16 to θ(i) = 14pi/16.
The rise is given by the polynomial 10x3 − 15x4 + 6x5 which approximates a Gaussian
shape. The motional electric field is initialized as E = −V × B/c, where V = Ve = Vi
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at t = 0. The 2D (3D) simulations use a box of size 8R × 2R (4R × 2R × 4R) and are
evolved to t/td = 0.5(0.25), where td = R/V0 is the relevant timescale for the interaction.
The boundaries along the outflow directions are absorbing for the particles initially in the
plasma bubble, thermal re-emitting for the particles initially in the background plasma, and
an absorbing layer [32] for the electromagnetic fields. The energy spectra presented are in-
tegrated over the electrons initially in the bubbles. Simulations with larger domains confirm
that the boundaries are not affecting the results. Periodic boundaries are used along the
inflow direction, taking advantage of the antisymmetry of the system. We note that the
majority of reconnection simulation studies employ periodic boundaries in the direction of
the reconnection outflows and thus may suffer unphysical effects from recirculating parti-
cles and radiation. Studying particle acceleration in the finite-sized systems of laser-driven
plasmas would yield critical insight for understanding the role of boundary conditions and
particle escape in models of reconnection.
To directly match laboratory conditions of interest (e.g. those generated with the
OMEGA EP laser [19]) we model a range of Alfve´nic and sonic Mach numbers, MA =
V0/VA = 4 − 64 and MS = V0/CS = 2 − 8, where VA = B0/
√
4pin0mi is the Alfve´n speed
and CS =
√
ZTe/mi is the sound speed. We also match the high experimental plasma beta,
βe =
n0Te
B20/8pi
= 2
(
MA
MS
)2
= 8 − 128. The bubble radii are R/(c/ωpi) ' 26.5 (20) for the 2D
(3D) simulations, within the experimentally accessible range of R/(c/ωpi) = 10 − 100 [28].
The initial temperatures Te and Ti are taken to be equal and uniform. The parameters CS/c
and mi/meZ (where c is the speed of light, mi and me the ion and electron masses, and
Z the ion charge) are not directly matched to experimental values due to computational
expense. In the majority of the simuations we use V0/c = 0.1 and mi/meZ = 128, with CS
chosen to correctly match MS. By varying these parameters in the range V0/c = 0.025− 0.1
and mi/meZ = 32 − 512 we have verified that the main results of this study are rela-
tively insensitive to their exact values. All simulations use a spatial grid of resolution
of ∆x = 0.5c/ωpe ' 0.04c/ωpi and cubic interpolation for the particles. The 2D (3D)
simulations use a timestep of ∆t = 0.35(0.285) ω−1pe and 64 (8) particles per cell per species.
We first analyze in detail the 2D simulation with MS = 2 and MA = 4. We observe that
the early evolution of the system is consistent with previous studies using this configuration
[27–30]. As the plasma flows bring in the magnetic flux at super-Alfve´nic speeds, the plasma
is compressed by the ram pressure and the amplitude of the magnetic field increases by a
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factor of ≈ 1.65. A current sheet forms on the order of the ion inertial length, which
is the scale at which electrons and ions decouple, enabling fast reconnection mediated by
the Hall effect [34]. The current sheet is then unstable to the tearing instability, and we
observe the formation of a single plasmoid, consistent with linear theory which predicts
kmaxδ = 0.55, where δ ≈ 1.41 c/ωpi is the half-width of the current sheet [33]. For the
range of conditions simulated we typically observe magnetic field enhancement by a factor
of 1.5 to 5 and the formation of 1-3 plasmoids. The calculation of the different terms in the
generalized Ohm’s law (E = −1
c
ni
ne
vi×B+ 1enecJ×B− ∇·Peene − mee dvedt ) shows that the electric
field in the diffusion region is predominantly supported by the Hall and off-diagonal electron
pressure tensor terms, in agreement with previous kinetic studies of reconnection starting
from the Harris equilibrium [34] and laser-driven reconnection [27]. For the geometry of
our configuration the typical value of the reconnection electric field in the diffusion region
is E ≈ 0.5V0B0 (Figure 1(c)). In terms of the local Alfve´n speed and compressed magnetic
field, we find E ≈ 0.3VAB at t/td = 0.25, when the plasmoid is just beginning to form.
After the onset of reconnection, the finite size of the plasma bubbles results in reconnection
outflows that are directed out of the interaction region.
Figure 1(d) shows the temporal evolution of the electron energy spectrum for this sim-
ulation. We observe the development of a non-thermal component with energies up to
≈ 50 kBTe that resembles a power law with index P ≈ −5.3. In Figure 2(a), a distribution
of energetic electrons is seen in the reconnection region. The energy decreases with distance
from x = 0, which is approximately the location of the X-point before the plasmoid forms.
At a later time, shown in Figure 2(b), energetic electrons are seen both to escape in the
plasma outflows and to be trapped in a peak at the location of the single plasmoid that
forms in the simulation. The most energetic electrons are trapped at t/td = 0.5. In a re-
alistic 3D system, which we will discuss later, the trapped electrons would also escape the
reconnection region, but along the z-direction.
In order to understand the details of the particle acceleration, we tracked the detailed
motion of the most energetic electrons in the simulation. The relative importance of the
electric field components in energizing the electrons was determined by calculating the work
done by each throughout the simulation, Wi =
∫ t
0
dt′(pi/γ me)(−eEi). Figs. 2(c) and
2(d) show trajectories that illustrate the two distinct types of behavior observed for the
energetic electrons. The evolution of the total energy and the work done by the electric field
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components for these electrons is plotted in Figs. 2(e) and 2(f). In both cases the particles
gain the majority of their energy as they are accelerated in the out-of-plane direction by
the reconnection electric field near the X-point, as can be seen in the insets in Figs. 2(c)
and 2(d). The in-plane magnetic field then rotates the velocities of the electrons into the
plane, at which point the electrons will either escape in the outflow direction (as in Figure
2(c)), become trapped in a plasmoid (as in Figure 2(d)), or travel around the bubble along
the field lines. The electrons that escape the reconnection region lose some of their energy
to the in-plane polarization electric field (Figure 2(e)), whereas the trapped electrons can
be further accelerated due to the motion of the plasmoid. The energization rate is seen to
decrease for the trapped electrons, as shown in Figure 2(f). In this simulation the plasmoid
is slowly drifting along the outflow direction, and thus the trapped electrons see an out-of-
plane motional electric field with alternating polarity (Figure 1(c)) as they circle inside the
plasmoid [5]. Plasma flowing into the drifting plasmoid from the bounding X-points leads
to an asymmetry in its motional electric field, allowing trapped electrons to gain further
energy. Simulations with a single bubble confirm that the electric field from the bubble
expansion does not significantly energize particles.
In Figure 3(a) we observe that the low-energy portion of the electron distribution is
well fitted by a Maxwell-Boltzmann distribution (blue dashed line) and that there is a non-
thermal component that starts at ∼ 5kBTe and resembles a power-law with an index of ∼ 5.3
and an exponential cutoff at ∼ 20kBTe (red dashed line). Periodic simulations for the same
plasma parameters but transversely infinite profiles (not shown here) show that in much
larger systems the power-law component extends to higher energies and has a harder index
of ∼ 3.5, indicating the importance of particle escape in finite systems. The comparison
with transversely infinite systems will be discussed in detail elsewhere. At the end of the
simulation (t/td = 0.5), the non-thermal component contains ∼ 8% of the initial energy of
interacting electrons, ∼ 24% of the initial energy stored in the magnetic field, and ∼ 1%
of the total number of electrons initially in the bubbles. Previous work has shown that
the presence of plasmoids may give rise to Fermi-acceleration mechanisms [8]. Calculating
d/dt as a function of  for the tracked particles (where  is energy) shows an energization
rate that is approximately constant, indicating that the dominant acceleration mechanism
producing the energetic electrons is not Fermi acceleration. This is likely to require a much
larger number of plasmoids and thus a more energetic laser drive than that used in current
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experiments. We note that even in the simulations with up to 3 plasmoids we do not observe
evidence of Fermi acceleration associated with the plasmoids. In our case, the distribution of
energies for the accelerated electrons is established as electrons are injected into the diffusion
region at varied distances from the X-points and escape the diffusion region at different times.
The electrons that interact nearer to the X-point are exposed to the reconnection electric
field for a longer amount of time before the in-plane magnetic fields direct them out of
the diffusion region, allowing them to reach higher energies [11]. Additional randomness is
introduced by the finite probability for a given electron to escape from the system or become
trapped in a plasmoid and further energized.
Figure 3(b) shows a comparison of the electron energy spectra at t/td = 0.25 for four 2D
simulations with MS = 2 and MA ranging from 4 to 32. All show the development of a high
energy tail with a power-law shape and similar spectral indices, indicating the similarity
of the acceleration mechanisms across these conditions. The maximum electron energy
attained increases with the initial magnetic field amplitude, consistent with the picture that
the electrons gain their energy directly from the reconnection electric field. Figure 3(c) shows
the evolution of the maximum electron energy in each simulation, and the corresponding
energization rates are shown in Figure 3(d). The effective electric field corresponding to the
energization rate is found to be close to 0.5V0B0 for all cases, consistent with the typical
value of the reconnection electric field observed in the diffusion region in the simulations.
2D simulations do not capture the finite size of the system in the out-of-plane (accelera-
tion) direction. It is thus critical to consider 3D effects. To this end we have performed full
3D simulations of reconnection between expanding plasma bubbles, with the initialization
described above and the conditions MS = 2,MA = 4. They show that the out-of-plane
variation does not significantly change the acceleration picture but does limit the maximum
electron energy attainable. An important difference to the 2D case is the fact that the am-
plitude of the magnetic field is only seen to increase by ≈ 7%, in contrast with the ≈ 65%
increase in 2D. The electron spectrum at t/td = 0.25 is shown in Figure 3(b). The spectrum
exhibits a high-energy tail with a similar spectral index to the 2D case, demonstrating that
the non-thermal energization survives in 3D and that the acceleration mechanisms are sim-
ilar. The maximum electron energy is smaller for the 3D case, due to the finite out-of-plane
size limiting the maximum energy attainable. The energization rate is also slightly smaller
in 3D, due to the fact that the electrons do not see a uniform value of the reconnection
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electric field as they travel in the out-of-plane direction.
The finite out-of-plane size limits the distance over which an electron can be accelerated
by the reconnection electric field to approximately the diameter of the bubble. Considering
the effective value of the reconnection electric field is ≈ 0.5V0B0, an estimate for the maxi-
mum energy increase of an electron can then be written in terms of experimentally tunable
parameters as max/kBTe = (M
2
S/MA) (Rb/(c/ωpi)). Applying this to the parameters of the
3D simulation presented above gives max/kBTe ≈ 20, which predicts well the location of
the exponential cutoff of the power-law as shown in Figure 3(b). The threshold condition
for producing suprathermal electrons in the laboratory is then (M2S/MA) (Rb/(c/ωpi)) > 1,
which is easily satisfied by the conditions accessible in current experiments. The conditions
of two recent laser-driven reconnection experiments at the Omega Laser Facility [19, 28] are
estimated to be MS ≈ 2.5, 5.6, MA ≈ 20, 9.2, and Rb/(c/ωpi) ≈ 80, 22. For these conditions
our model predicts maximum electron energies of max/kBTe ≈ 25, 75. An important exper-
imental signature of this acceleration due to reconnection is that the non-thermal electrons
should be detected in a fan-like profile, with energetic electrons being emitted both in the
direction of reconnection outflows and in the direction opposite to the reconnection electric
field.
In summary, by performing ab initio kinetic simulations of magnetic reconnection in laser-
driven plasmas, we have shown that these systems can accelerate non-thermal electrons to
energies more than an order of magnitude larger than the thermal energy in conditions cur-
rently accessible in the laboratory. Electron injection at varied distances from the X-points
and escape from the finite-sized system leads to a non-thermal component that resembles a
power-law spectrum. Our results indicate that laser-driven plasmas thus offer a new plat-
form for the experimental study of particle acceleration induced by reconnection, which
could help illuminate the role reconnection plays in explosive phenomena associated with
space and astrophysical plasmas.
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FIG. 1. a) Geometry of laser-driven reconnection experiments and simulations. b) Out-of-plane
current density and c) Out-of-plane electric field, with overlayed magnetic field lines. At the
X-points, this is the reconnection electric field. d) Evolution of the electron energy spectrum.
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FIG. 2. a), b) Electron energy spectrum along the x-direction at t/td = 0.25, 0.5, respectively.
c) Trajectory of an escaping electron and d) Trajectory of a trapped electron, plotted over the
magnitude of the in-plane magnetic field at t/td = 0.25, 0.5, respectively. Diamonds indicate the
particle’s position at t = 0, and insets show the energy variation of the particle along x. e), f)
Evolution of the total energy and work done by the electric field components for the electrons
shown in c), d), respectively.
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FIG. 3. a) Electron energy spectrum for the MS = 2, MA = 4 simulation at t/td = 0.25, with
the thermal component (blue dashed line) and the non-thermal component (red dashed line). b)
Comparison of the electron energy spectra for different MA in 2D and 3D at t/td = 0.25. c)
Temporal evolution of the maximum electron energy for the same simulations as in b), with linear
fits plotted as dotted lines. d) Effective electric field obtained from the data in c). Error bars show
the one standard deviation error obtained from the linear fit.
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